Aerotolerance in the growth of Streptococcus mutans and related streptococci was examined under glucose-limited conditions. The growth rate of all strains tested was more or less retarded when they were transferred from anaerobic to aerobic conditions. As for growth yield, however, some strains (group 1) showed reduced values for the increment of cellular dry weight change (in grams per mole of glucose), whereas others showed either unaltered (group 2) or increased (group 3) yields. The characteristic feature of strains in groups 2 and 3 was their high activity of both glucose-and pyruvate-dependent oxygen uptake when strains were grown under aerobic conditions. By contrast, the activity of pyruvate-dependent oxygen uptake by group 1 strains was negligibly low, whether grown under aerobic or anaerobic conditions. Some strains (group la) consumed oxygen in the presence of glucose at a much faster rate than others did (group lb). There seems to be a good correspondence of these aerotolerance groupings to those based on serotypes of S. mutans. Thus, the groups la, lb, 2, and 3 correspond to serotypes g, a+d, c+f, and b, respectively.
Streptococcus mutans is a major group of cariogenic bacteria that derive the energy for growth from oxygenindependent catabolism of glucose or other sugars (12) . Although they prefer anaerobic conditions for growth, they can tolerate aerobic conditions in one way or another (4, 14) . Such aerotolerance of S. mutans and other related streptococci has so far been explained by the fact that these bacteria are equipped with an enzyme or enzymes to scavenge reactive by-products of cellular oxygen consumption, such as singlet oxygen, the hydroxyl radical, superoxide anion, and peroxide ions (3, 10, 11, 14, 22, 23) . On the other hand, it is known that some strains of S. mutans are more aerotolerant than others (9). However, little quantitative work has been done on how the growth of S. mutans and other related streptococci is affected in the presence of oxygen.
In the present work, we have studied aerotolerance in the growth of S. mutans by the measurement of the growth rate and yield under glucose-limited conditions and also have examined how the activity of glucose-and pyruvatedependent oxygen uptake is affected by oxygen during growth.
(A preliminary account of this work has been reported elsewhere [T. Kodama, S. Kokeguchi, K. Fukui, K. Kato, and T. Shimamot, Jpn. J. Oral Biol. 27 grown in screw-cap 10-and 70-ml tubes which were filled with 5 and 50 ml of TY medium, respectively. These tubes were left in a model ACS-3 anaerobic glove box (Yuyama Irika Co., Ltd., Osaka, Japan) for more than 3 days after autoclaving. The atmosphere in the box was a mixture (vol/vol) of 80% N2, 10% H2, and 10% CO2 in the presence of a catalyst of palladium-coated aluminum oxide pellets. The addition of glucose to a final concentration of 0 to 0.2% (wt/vol) (11.1 mM), the preparation of inoculum, and the inoculation were all made in the box. Bacterial cells of an anaerobic culture of each strain in the late logarithmic phase with 0.2% glucose were collected by centrifugation at 5,000 x g for 25 min, washed once with glucose-free TY medium, and finally suspended in the same rnedium (1/10 volume of the original culture) for use as the inoculum. After inoculation, tubes were incubated in a water bath at 37°C. Aerobic cultures were grown in 300-ml Erlenmeyer flasks containing 50 ml of TY medium supplemented with glucose and were incubated at 37°C in a reciprocating shaker operated at 120 strokes per min with a 5-cm stroke length. different strains, except for Streptococcus faecium and Streptococcus salivarius. Thus, the coefficient was averaged for the strains yielding similar data, and the value was 0.419 ± 0.028 mg (dry weight) per ml per OD (mean + standard error of the mean). The corresponding value for the two exceptional species was 0.326 mg/ml per OD.
Oxygen uptake. Glucose-dependent oxygen uptake was measured at 37°C in a total volume of 4 ml of 50 mM Tris hydrochloride (pH 7.5) containing 5 mM MgCl2 and was continuously stirred in a reaction vessel fitted with a Clarktype oxygen electrode. An appropriate amount of cell suspension and 1 mM glucose were added to start the reaction. The pyruvate-dependent oxygen uptake was measured for 500 mM sodium pyruvate containing 50 mM Tris hydrochloride (pH 7.5) and 5 mM MgCl2. The calibration of the electrode was made on the assumption that the dissolved oxygen concentration in air-saturated water was 217 ,uM at 370C (17) .
RESULTS
Aerobic and anaerobic growth. Using the inoculum prepared from an anaerobic preculture, we exarnined growth curves of various strains of S. mutans in TY medium containing from 0 to 0.2% glucose under both aerobic and anaerobic conditions. The growth rate (doublings per hour) was estimated from semilogarithmic plots of the curve for growth with 0.2% glucose. The molar growth yield for glucose (YGIU; dry weight increase in grams per mole of glucose) was calculated from the relationship between the final growth level and glucose concentration, which was linear up to 0.2% glucose for all strains tested ( Table 1) .
As can be seen, the anaerobic growth rate was very similar for all strains of S. mutans so far tested and for a strain of Streptococcus pyogenes (1.36 ± 0.03 doublings per h [mean ± standard deviation of 13 shown as an aerotolerance plot in Fig. 1 , which reveals how some strains are more aerotolerant in growth than others. In addition, the plot indicates whether aerobic growth rate and YGIu are strongly correlated with each other. If the correlation is strong, the plotted points should be distributed along the line connecting the origin and the point where both the relative YGIu and growth rate are unity. This seems to be true for a few strains (S. mutans OMZ65 and K1-R) but not for others. Thus, generally speaking, the mechanisms by which oxygen affects these growth parameters are different.
Glucose-and pyruvate-dependent oxygen consumption. In view of the change in YGIU under aerobic conditions, the activity of oxygen uptake with glucose and pyruvate as substrates for aerobically grown cells was compared with that of anaerobically grown cells. The results of this study are summarized in Fig. 2 .
There is a clear tendency for aerobically grown cells of group 2 and 3 bacteria to show high activities of oxygen uptake in the presence of glucose (Fig. 2) . Pyruvatedependent oxygen uptake activity was also high in these two 1 groups. In addition, these activities were markedly higher in the aerobically grown cells of group 2. In these strains, therefore, an oxygen-dependent pyruvate-oxidizing system is induced under aerobic conditions, as demonstrated in certain strains of oral streptococci (7, 8) .
On the other hand, the pyruvate-oxidizing activities of group 1 strains were very low (Fig. 2) (16, 24) are shown in Fig. 3 .
Under anaerobic conditions, the key enzyme is pyruvate formate-lyase (step 2) (5, 20, 25 (1, 26) , and by the low activities of aerobic catabolism of pyruvate with these strains, as indicated in Fig. 2 . The activity of oxygen uptake of group 1 with glucose could be explained by the oxidation of NADH generated by the breakdown of glucose to pyruvate. In fact, a rapid NADH oxidation was observed with a cell-free extract of S. mutans, which was stimulated by flavin mononucleotide or flavin adenine dinucleotide (6, 22; K. Fukui, unpublished data). On the other hand, higher activities of pyruvatedependent oxygen uptake observed in aerobically grown cells of group 2 strains would probably be a result of the induction of the pyruvate-oxidizing system, either of the dehydrogenase (Fig. 3, step 3) , as demonstrated in an S. mutans strain (8) , or the oxidase type (step 4), as suggested for S. sanguis (7) . In either case, the inactivation of pyruvate formate-lyase under aerobic conditions would be compensated for. Thus, acetyl-CoA and consequently extra ATP could be formed under aerobic conditions (Fig 3) , and the aerobic YGIU would be unaltered or slightly increased compared to the anaerobic YGIU. Large values of aerobic YGIu for group 3 strains is of great interest, since they cannot be accounted for on the basis of the aerobic catabolism of pyruvate to acetate unless a larger value of YATP is assumed. There have been several attempts to make subgroupings of S. mutans on the basis of antigenicities of the cell wall (2, 18, 27) , genetics (9), or biochemistry (19) . The present results show a certain correspondence of the aerotolerance groupings to those based on serotypes of S. mutans (Table 1) . Thus, group 1 can be subdivided into la and lb on the basis of the difference in activity of glucose-dependent oxygen uptake. Group la corresponds to serotype g and shows higher activity than does group lb, which corresponds to serotypes a + d. Group 2, which shows unaltered aerobic YGIu and high activity of aerobic pyruvate catabolism, includes serotypes c and f. Strains of these serotypes, together with serotype e (not studied in the present work), are characterized by their similar low (36 to 38 mol%) G+C content in DNA base composition (9). In addition, antigenicities of glucosyltransferase are very similar for strains of these serotypes (13) . Therefore, it is not unreasonable to assign this group (serotypes c, e, and f together) to an independent species. In fact, Coykendall has assigned this group to S. mutans to distinguish it from other strains (9). Further studies, however, seem to be required for the assignment of other groups to another species.
Finally it should be noted that the present aerotolerance grouping of S. mutans may not correlate well with data on oxygen radical accumulation and related enzyme activities reported by Thomas and Pera (22) . Since there is a major difference in experimental conditions between these two studies, it is hardly possible to make a direct comparison. Measurements of H202 and superoxide concentrations and activities of the peroxidase and superoxide dismutase in aerobic cultures under glucose-limited conditions are now in progress in this laboratory.
